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Sequences of the human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) domain were
determined by direct sequencing of HIV-1 RNA in successive plasma samples from eight seroconverting
patients infected with virus bearing the T215Y/F amino acid substitution associated with zidovudine (ZDV)
resistance. At baseline, additional mutations associated with ZDV resistance were detected. Three patients had
the M41L amino acid change, which persisted. Two patients had both the D67N and the K70R amino acid
substitutions; reversion to the wild type was seen at both positions in one of these patients and at codon 70 in
the other one. Reversion to the wild type at codon 215 was observed in only one of eight patients. Unusual
amino acids, such as aspartic acid (D) and cysteine (C), appeared at position 215 in four patients during
follow-up. These variants isolated by coculturing were sensitive to ZDV. Overgrowth of these variants suggests
that they have better fitness than the original T215Y variant. Intraindividual nucleoside substitutions over time
were 10 times more frequent in codons associated with ZDV resistance (41, 67, 70, 215, and 219) than in other
codons of the RT domain. The predominance of nonsynonymous substitutions observed over time suggests that
most changes reflect adaptation of the RT function. The variance in sequence evolution observed among
patients, in particular at codon 215, supports a role for chance in the evolution of the RT domain.

Human immunodeficiency virus (HIV) type 1 (HIV-1) with
decreased in vitro sensitivity to zidovudine (ZDV) has been
isolated from HIV-infected patients receiving prolonged ZDV
therapy (17). Phenotypic resistance of HIV-1 to ZDV is asso-
ciated with mutations affecting at least five codons of the re-
verse transcriptase (RT) domain of the pol gene (M41L, D67N,
K70R, T215Y/F, and K219Q). Most viral isolates with reduced
sensitivity to ZDV harbor the T215Y/F amino acid change (2,
14, 18). HIV-1 variants with M41L and/or T215Y/F were not
detected before the introduction of ZDV, indicating reduced
fitness of these variants compared to the wild type (9). In
contrast, a low level of polymorphism has been described for
codon 70 (22, 23, 32). Following removal of drug pressure,
there is a slow rate of reversion of ZDV resistance mutations,
suggesting that these mutations have only a modest impact on
viral replication in the absence of drug (1, 3, 22, 27).

Because of the widespread use of ZDV in western countries,
transmission of ZDV-resistant viruses has occurred in recent
years in up to 10% of newly infected individuals (7, 12, 21, 31).
Although the clinical impact of resistance has not been fully
assessed, transmission of drug-resistant HIV-1 variants may
impair the efficacy of antiviral treatment regimens (6, 13, 30).

The aim of this study was to analyze the evolution of the RT
domain of the HIV-1 pol gene in sequential plasma samples
from recently seroconverting patients infected with ZDV-re-
sistant variants.

MATERIALS AND METHODS

Patients. A total of 114 patients with documented HIV-1 seroconversion from
1988 to 1995 in Switzerland (31) and 36 patients with primary HIV-1 infection
and enrolled in a multicenter controlled clinical trial of ZDV (16) were included
in this study. Baseline samples were collected during the symptomatic phase of
primary HIV-1 infection and before any antiviral treatment.

Selective PCR. Blood was centrifuged twice for 5 min each time at 1,500 3 g,
divided into aliquots, and stored at 275°C within 2 h. Total RNA from 50 ml of
plasma was extracted, reverse transcribed, and amplified by selective PCR (19,
30).

Sequence analysis. Five microliters of the first PCR product was reamplified
with 0.25 mg of primers NNA (59 AAGCCAGGAATGGATGGCCCA) and E
(biotinylated; 59 CCATTTATCAGGATGGAGTTC) in a reaction mixture con-
taining 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 3 mM MgCl2, 250 mM each de-
oxynucleoside triphosphate, and 2.5 U of AmpliTaq polymerase (Perkin-Elmer
Cetus, Norwalk, Conn.). The reactions were carried out for 30 cycles of 20 s at
95°C, 30 s at 50°C, and 30 s at 72°C. The nucleotide sequence was determined by
use of the AmpliTaq FS dyeDeoxy terminator cycle sequencing kit (Applied
Biosystems, Foster City, Calif.) on an automatic sequencer (model 373; Applied
Biosystems). Primer NNA was used to analyze the codon region from positions
30 to 130, and primer E was used to analyze the codon region from positions
130 to 228. Sequence alignment was performed with the CLUSTALW pro-
gram. Phylogenetic analysis was performed by the maximum-likelihood method
(PHYLIP version 3.5; University of Washington, Seattle).

Viral cultures. HIV-1 was isolated by standard procedures with peripheral
blood mononuclear cells (PBMC) depleted of CD8 lymphocytes and cocultivated
with phytohemagglutinin-stimulated PBMC from HIV-negative blood donors
(11).

ZDV susceptibility assay. ZDV susceptibility was determined in the PBMC
assay, taking into account the replication kinetics of each strain, as previously
described (4). Briefly, after conventional isolation of the HIV-1 strains from
PBMC, the cell-free HIV-1-infected supernatants corresponding to the peak of
RT activity were serially diluted (100 to 1024) and incubated with fresh HIV-
negative phytohemagglutinin-stimulated PBMC. After being washed, the cells
were pipetted into 96-well plates containing increasing concentrations of ZDV
(0, 0.01, 0.05, 0.25, 1.25, and 6.25 mM). The 50% tissue culture infective dose was
assessed by measuring RT activity (26). On the day selected on the basis of
replication kinetics criteria, the drug concentrations inhibiting 50 and 90% of the
RT activity at a 50% tissue culture infective dose of 100 were calculated.
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HIV-1 RNA quantitation. The determination of HIV-1 RNA levels in plasma
samples was performed with the Amplicor HIV Monitor according to the man-
ufacturer’s instructions (Roche, Basel, Switzerland).

RESULTS

Patient characteristics. HIV-1 RNA was successfully ampli-
fied from plasma samples from 136 (91%) of the 150 patients
analyzed. A mutation at codon 215 was detected in baseline
samples from 12 patients by selective PCR. Follow-up samples
were collected from 8 of these 12 patients for at least 12
months and were retained for sequential evaluation. At base-
line, the mean CD4 cell count was 517/mm3 (range, 210 to
754), and the mean HIV-1 RNA level was 4.68 log HIV-1 RNA
copies/ml (range, 4.34 to 5.31). Four patients (A, C, D, and H)
received antiviral treatment, started at the time of seroconver-
sion, for 6 months. Patient B received ZDV for 6 months,
starting 20 months after seroconversion.

Sequence analysis of the RT domain. Amino acid substitu-
tions associated with ZDV resistance over time are reported in
Fig. 1. At baseline, the T215Y substitution was observed in six
patients and the T215F substitution was observed in two pa-
tients. The M41L substitution was detected at baseline in three
patients. The association of the D67N and K70R substitutions
was detected in the baseline samples from two patients. During
the follow-up (12 to 58 months), a reversion to the wild type at
position 215 was observed in only one patient (F). This patient
showed reversion to the wild type for the four initial mutations
associated with ZDV resistance (D67N, K70R, T215F, and
K219Q). One patient (A) showed reversion to the wild type at
codon 67. The M41L substitution persisted in all patients dur-
ing the follow-up (12 to 43 months).

Unusual amino acids, such as aspartic acid (D), cysteine (C),
and leucine (L), appeared at position 215 in five patients dur-
ing follow-up (Fig. 1). Mutation Y215D (TAC3GAC) (chang-
es are underlined) was observed in three patients (A, C, and
G) and persisted for 18 months in two of them. At month 12,

patient E showed substitution Y215C (TAC3TGC), which
persisted up to month 21. Substitution Y215C was also transi-
torily observed in patient C, before the emergence of aspartic
acid (D) at position 215, which persisted during the follow-up.
In addition to Y215D and Y215C, F215L (TTC3CTC) was
detected transitorily in patient B.

Genetic heterogeneity. Nucleotide heterogeneity was com-
pared for nucleotide sequences outside the five codons asso-
ciated with ZDV resistance (41, 67, 70, 215, and 219), as well
as for these five codons only (Table 1). The intraindividual
differences for the entire sequence analyzed (594 nucleotides)
did not exceed 1.7% of nucleotides, even when the samples
were collected 43 or 46 months apart. Sequential RT se-
quences were absolutely identical only in patient D. The nu-
cleotide heterogeneity of the five codons associated with ZDV
resistance was much higher than that of the codons not asso-
ciated with ZDV resistance. A total of 17 (4.7%) nucleotide
substitutions were detected for these five codons over time. In
contrast, only 59 (0.4%) nucleotide substitutions were ob-
served for the other 193 codons analyzed (x2 test, P , 0.0001).
Nonsynonymous nucleotide changes were observed more often
than synonymous nucleotide changes, and all substitutions ob-
served in the five ZDV resistance-related codons were nonsyn-
onymous (Table 1).

Distinct clusters of viral sequences corresponding to each
patient over time were observed (data not shown), demonstrat-
ing the absence of PCR product contamination of viral se-
quences within this data set.

ZDV susceptibility assay. ZDV susceptibilities were deter-
mined with viral stocks isolated from PBMC from patients C
and E (Table 2). The baseline isolate from patient C, contain-
ing T215Y, was resistant to ZDV, whereas isolates obtained
after 24 and 42 months (T215D) were susceptible to ZDV
despite the persistence of the mutation M41L. PBMC were not
available from patient E at baseline, but isolates obtained after
12 and 21 months (T215C) were susceptible to ZDV. For both

FIG. 1. Amino acid substitutions in the RT domain for the five codons associated with ZDV resistance. Bold lines indicate the period of antiretroviral treatment.
All treated patients were on ZDV monotherapy treatment, except for patient C, who was on ZDV plus didanosine treatment. WT, wild type; m, months.
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patients, RT nucleotide sequences of isolates recovered from
PBMC cocultures were identical to those determined by direct
sequencing of PCR products derived from plasma HIV-1 RNA
(data not shown).

DISCUSSION

This investigation was performed to assess the genetic evo-
lution of the RT domain of the HIV-1 pol gene in recently
seroconverting patients infected with ZDV-resistant variants.
The generation of viral genetic variants occurs principally
through random mutational and recombinational events. How-
ever, the rate of emergence of particular variants is determined
by factors such as the strength of selective pressures, the com-
plexity of the preexisting genetic pool, and the rate of viral
turnover (5, 10, 28). In our seroconverting patients, high levels
of viremia were observed over time, thus providing the basis
for the emergence of mutations.

During a median follow-up of 33 months, changes in amino
acids were predominantly detected in codons associated with
ZDV resistance and, in particular, in codon 215. In five pa-
tients, the changes at codon 215 resulted in amino acids (as-
partic acid, cysteine, and leucine) that did not belong to the
natural HIV-1 polymorphism. These amino acid substitutions
were linked to a single nucleotide change, whereas return to

the wild-type codon would have required two nucleotide
changes. The T215C and T215D variants were reported re-
cently for a very small number of patients, most likely in the
background of T215Y (8, 24, 29). These variants were found to
be sensitive to ZDV and were not seen in patients on ZDV
therapy. The persistence of T215Y was observed in only two
patients; these patients had only 12 months of follow-up and
were on ZDV during the first 6 months following seroconver-
sion, at the time of maximal viral turnover. Our data suggest
that most patients would present a switch from T215Y to other
amino acids within 1 year in the absence of drug pressure.
Interestingly, the lower frequency of reversion to the wild type
observed for the other codons associated with ZDV resistance
is suggestive of a lower impact of these codons on RT fitness,
as shown recently for the M41L mutation (8). In contrast,
variants with T215D were shown to display a 10 to 25% higher
relative fitness than the initial T215Y variants (8). The ability
of T215D or T215C viruses to overgrow the original T215Y
variant in vivo suggests a selective advantage of these variants.
Moreover, the growth potential of the T215D and T215C vari-
ants was demonstrated by their selective isolation from PBMC
bulk cultures. The transient expression of T215C before the
emergence of T215D in patient C suggests better fitness of the
T215D variant.

As for patients receiving antiretroviral therapy (15, 25),
more nonsynonymous rather than synonymous changes were
observed in our patients with primary HIV-1 infection, most of
the time in the absence of drug pressure. In addition, nucleo-
tide substitutions were 10 times more frequent in codons as-
sociated with ZDV resistance than in other codons, and all
nucleotide substitutions affecting ZDV resistance-associated
codons were nonsynonymous. This result suggests that selec-
tive pressure, most probably on RT function, is the driving
force for RT sequence evolution in vivo. At the same time, the
high variance in sequence evolution observed among patients
and the rapid emergence of various unusual amino acids at
codon 215 suggest that the evolutionary pathway of viral pop-
ulations is modulated by chance events (20) and that HIV-1 is
able to take new evolutionary pathways starting from viruses
that do not naturally occur.

Finally, the frequency of transmission of drug-resistant mu-
tants should be considered in the design of antiretroviral reg-
imens and raises the issue of systematic screening for muta-
tions associated with resistance in drug-naive patients before
the initiation of therapy.
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TABLE 1. Nucleotide substitutions over time for the RT domain
and codons associated with ZDV resistance

Patient Mo

No. of nucleotide substitutions

Total RT
(594 bp)

Truncated RTa

(579 bp)
(S/NS)b

Codons related to
ZDV resistancec

(15 bp) (S/NS)b

A 0–6 6 2/1 0/3
6–12 7 3/4 0/0

12–24 4 2/2 0/0

B 0–6 2 0/1 0/1
6–12 5 0/4 0/1

12–39 3 0/2 0/1
39–42 1 0/0 0/1

C 0–6 0 0/0 0/0
6–12 2 1/0 0/1

12–24 5 0/4 0/1
24–31 1 0/1 0/0
31–36 3 0/3 0/0
36–42 4 3/1 0/0

D 0–6 0 0/0 0/0
6–9 0 0/0 0/0
9–12 0 0/0 0/0

E 0–9 0 0/0 0/0
9–12 4 1/2 0/1

12–18 3 1/2 0/0
18–21 3 1/2 0/0

F 0–46 10 1/4 0/5
46–58 3 1/2 0/0

G 0–43 7 2/3 0/2

H 0–12 3 1/2 0/0

a Calculated for residues 121 to 657. The five codons associated with ZDV
resistance were omitted.

b S, synonymous substitution; NS, nonsynonymous substitution.
c Calculated for residues of the five codons associated with ZDV resistance.

TABLE 2. ZDV susceptibility in two patients with T215D and
T215C amino acid substitutionsa

Patient Time
(mo) RT genotype ZDV IC50

(mM)
ZDV IC90

(mM)

C 0 41L, 67D, 70K, 215Y, 219K 0.18 2.19
C 24 41L, 67D, 70K, 215D, 219K ,0.01 ,0.02
C 42 41M/L, 67D, 70K, 215D, 219K ,0.01 ,0.01
E 0 41M, 67D, 70K, 215Y, 219K NA NA
E 12 41M, 67D, 70K, 215C, 219K ,0.01 0.03
E 21 41M, 67D, 70K, 215C, 219K ,0.01 ,0.01

a IC50 and IC90, concentrations inhibiting 50 and 90% of the RT activity at a
50% tissue culture infective dose of 100. NA, not available.
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